Abstract-A low-drift optoelectronic oscillator (OEO) is developed and experimentally shown. In the proposed OEO, a fiber Sagnac interferometer, including an optical phase modulator (PM) and a nonreciprocal bias unit, functions as an intrinsically drift-free intensity modulator. The phase noise of the proposed OEO is modeled in phase space, which is verified by experiments. Phase noise and frequency stability of the photonically generated microwave signals are measured. The single-sideband phase noise of the generated microwave signal is −106.6 dBc/Hz at 10-kHz offset from the 10.833-GHz carrier, with 120-fs rms timing jitter integrated from 1 kHz to 10 MHz. Frequency drift measurements show ±0.85-ppm maximum fractional frequency deviation over 35 h, mainly caused by drift of the fiber delay line.
I. INTRODUCTION
U LTRALOW phase noise microwave signals with high stability are essential for many applications, such as high-performance radar systems [1] , large-scale high-precision remote synchronization (such as in freeelectron lasers) [2] , [3] , navigation, communication, and signal characterization instrumentation. Technologies used for ultralow phase noise microwave oscillators are sapphire-loaded cavity oscillators [4] , [5] , optical frequency division [6] , and optoelectronic oscillators (OEOs) [7] , [8] resulted in the stateof-the-art ultralow phase noise microwave signal generation.
An OEO is a delay-line oscillator. It utilizes a very long (few kilometer scale) low-loss (0.15 dB/km) optical fiber as a high-Q cavity. The Q-factor of a delay-line oscillator is approximated by Q = 2π f τ [7] , where f is the oscillation frequency of the oscillator and τ is round-trip time in the oscillators delay line. Therefore, for OEOs utilizing an optical fiber delay line as long as 16 km, Q-factors will be as high as 4 × 10 6 at the X-band and higher frequency ranges, which results in ultralow noise microwave signals. Fig. 1 shows the main building blocks of an OEO, which contains a continuous-wave laser (CWL), an electrooptic amplitude modulator, a long single mode fiber (SMF) delay line, a photograph detector, an RF bandpass filter (BPF), phase shifter, amplifier, and output coupler. The RF-signal is transferred onto a laser signal using an electrooptic amplitude modulator [here, Mach-Zehnder modulator (MZM)], and then travels along an SMF delay line followed by a photodetector to convert the optical signal back to an RF signal. This signal is then amplified, narrowly filtered, and fed back to the input of the MZM.
However, in most of the previously demonstrated OEOs based on MZMs, the bias point of the MZM is both environment and material-dependent and drifts during operation, which negatively impacts the long-term stability of the devices and, therefore, its low-frequency phase noise.
When the MZM bias point moves away from the quadrature bias point where the OEO gain is largest, it causes a reduction of the overall gain and output RF power of the system [9] . Besides the drift in path length of the modulator, the overall length of the OEO loop changes, which leads to a drift in OEO oscillation frequency. Therefore, a drift in the MZM bias point causes a drift in oscillation power and frequency. Even though the change in modulator path length is miniscule compared with the overall length of the loop cavity, but because of amplitude fluctuations into phase fluctuations (AM-to-PM) conversion in photodetectors [10] , [11] , variations in optical power applied to a photodetector are converted into phase (or frequency) variations of the resulting RF signal. In addition, since hundreds of possible loop cavity modes fall within the bandwidth of the RF BPF (for example, for OEOs utilizing an optical fiber delay line as long as 8 km, the mode spacing is about 25 kHz, and with a 20-MHz bandwidth RF BPF, 800 modes pass through the filter), a drift in the MZM bias point causes mode hopping. Hence, for long-term operation of an OEO with an MZM, a bias stabilization and tracking is necessary.
Many works have been dedicated to the reduction and measurement of the phase jitter in OEOs [8] , [12] ; however, only rare attempts have been made on the reduction and measurement of the long-term drifts in OEOs. In [13] , an advanced method has been proposed to control the bias point of the MZM and the medium-term stability of the OEO was improved from a few hours to a working day (8 h). The maximum fractional frequency drift of this OEO was calculated from the measured output signal and was about 12.5 ppm over 8 h. In [14] , the optical SMF and the microwave BPF in the oscillator were thermally stabilized (with resistive heaters and temperature controllers) to improve the frequency drift of the oscillator. The measured frequency drift was greater than 2 ppm over 65 h. In [15] , the frequency drift of a dualloop OEO was enhanced by using an injected probe signal to monitor the phase fluctuations in the optical fiber loop and then stabilizing the OEO by actively tuning the optical SMF according to the monitored data. The measured frequency drift was about 2 ppm over 84 h.
In [16] - [24] , a technique to achieve a bias-drift-free OEO was introduced by incorporating an amplitude modulator based on transformation of phase modulation into amplitude modulation (PM-IM) via a dispersive device. In this structure, a dispersive device, such as a fiber Bragg grating, is required to transform the phase-modulated signal to an amplitudemodulated signal. This is because a photodetector functions as an envelope detector. A phase-modulated signal has a constant envelope so if it is directly applied to a photodetector, no modulation signal is detected.
In this paper, we develop and experimentally show a novel architecture for an OEO realized by a PM in a fiber Sagnac interferometer. An architecture based on a PM instead of an MZM has several advantages that can result in improved OEO performance. Because no bias is necessary for a PM, the biasdrifting problem associated with the MZM is automatically removed. The Sagnac loop-based OEO will be intrinsically bias-drift-free. Sagnac fiber loop interferometers have already been used in fiber gyroscopes [25] , photonic notch filters [26] , microwave photonic downconverters [27] , balanced opticalmicrowave phase detectors [28] , [29] , and frequency quadruple OEO [30] . Here, we apply it to an OEO.
With the proposed Sacgnac loop-based OEO, a microwave signal at 10.833-GHz frequency is generated, and its phase noise and frequency stability are discussed in Section IV. A phase-space model for the Sagnac loop-based OEO is presented in Section III to study its phase noise performance, which is verified by experiments.
II. SAGNAC-LOOP-BASED OEO:
A NOVEL ARCHITECTURE A structure of the developed OEO is shown in Fig. 2 . The Sagnac-loop-based OEO is similar to the conventional singleloop OEOs. In this structure, the key difference is that the MZM (as shown in Fig. 1 ) is replaced with a fiber Sagnac interferometer incorporating a PM and a nonreciprocal bias unit (as shown in the dashed line box in Fig. 2) .
The output from a CWL passes through an isolator and a polarization controller (PC) and is fed into a polarization-maintaining 2 × 2 coupler (50:50), which forms a Sagnac fiber loop interferometer. The power is divided equally by the 2 × 2 coupler, so that the first half propagates in the clockwise (CW) and the second half propagates in the counterclockwise (CCW). The polarization of the light that propagates in the CW direction is aligned with the PM by adjusting the PC.
The output power from the polarization-maintaining Sagnac fiber interferometer is given by
where P in is the power coupled into the Sagnac loop, L is the loss of the Sagnac loop, and and ϕ(t) are the phase difference between CW and CCW light resulted from the bias unit and the applied RF signal, respectively. ϕ(t) is given by
where v in (t) = V RF sin(ω RF t) is the RF voltage applied to the PM, ω RF and V RF are angular frequency and amplitude of the applied RF signal, respectively, and V π,for and V π,rev are the half-wave voltages of the phase modulator for the CW and CCW propagating light, respectively. The PM should be located exactly at the center of the Sagnac loop, so that the CW and CCW lights are both modulated by the modulation signal at the same moment. Otherwise, (2) should be modified to include a time delay to one modulation signal, with the time delay determined by the distance between the location of the PM and the center of the loop. V π,for and V π,rev are related as [31] 
where τ mod = n mod l mod /c is the transit time of signal in the traveling-wave PM, n mod is the PM waveguide refractive index, l mod is its length, and c is the velocity of light in free space. It is clear from (2) and (3) that the light modulated by the RF signal has a small modulation index when the modulator operates in the reverse direction, because the velocity mismatch of the PM is high at high frequencies (see also [32] , [33] ). For example, for a PM with a 1.5-cm-long electrode, τ P M ∼ 110 ps. Hence, for frequencies above 5 GHz, one can think of only the CW propagating light experiences phase modulation (with the applied microwave signal) but the CCW propagating light does not. Therefore, assuming unidirectional phase modulation at high frequencies, (1) can be rewritten as
It is clear from (4) that this equation is similar to the usual MZM response. Since the CW and CCW propagating signals propagate in exactly the same path and medium, any variation in length of the polarization maintaining Sagnac loop due to the environmental and material changes affects the propagating of the CW and CCW signals equally. So, the subsystem comprising a polarization maintaining Sagnac interferometer, a phase modulator, and a nonreciprocal bias unit is stable and insensitive to environmental and material perturbations and has a robust performance.
The output light of the Sagnac loop passes through the long SMF, and then, RF voltage is extracted by the photodiode. After amplification and filtering, the detected voltage is fed back to modulate the PM. So, the output electrical voltage of the RF amplifier is given by
where V ph is the voltage of the photodiode given by
, where the responsivity of the photodiode is ρ, the load impedance is R and G A is the voltage gain of the RF amplifier. We assume in our analysis that all components are working linearly except the PM, which is saturated and limits the amplitude of oscillation.
Having small-signal open-loop gain (G s ) greater than unity, guarantees start of oscillation. G s of the OEO can be calculated from (5) as (6) so if G s is chosen properly, the oscillation self-starts. For oscillation onset, the magnitude of G s of the OEO must be larger than unity. So, the nonreciprocal bias unit must introduce a 90°phase shift between the CW and CCW propagating wave to result in the highest G s of the OEO loop (equal to the quadrature bias point of an MZM). Otherwise, the small-signal open-loop gain vanishes and oscillation will not be initiated. For this, we employ a quarter-wave plate placed between two oppositely placed π/4 Faraday rotators in the Sagnac loop [34] (see Fig. 3 ). The light polarization was tuned carefully by the PC to align with the polarizer axis. The setup was carefully aligned, so that the polarization of the nonreciprocal phase shifter lines up with the preferred polarization of the PM. Since the loop was implemented by polarization-maintaining components, at the output port of the coupler, the CW and CCW propagating light have the same polarization. Incorrect PC alignment will result in a polarization-dependent loss that decreases G s and the PM efficiency.
III. PHASE-NOISE ANALYSIS
In this section, a simplified phase jitter analysis of the proposed OEO is presented. For a more accurate analysis, we can use the previously published approaches for characterizing the noise spectrum of microwave oscillators [35] - [45] . A linear time-invariant phase-space model for the proposed Sagnac loop-based OEO is shown in Fig. 4 , where amp (s) is the microwave amplifier phase noise that is referred to the amplifier input and opt (s) is the amplitude noise of the microwave photonic link (optical part of Fig. 1 ). τ L = n f l f /c is the time delay due to the fiber delay line, where n f and l f are the refractive index and length of the optical fiber, respectively. B(s) is the phase transfer function of a general BPF, which can be written as [45] B(s)
where = ω RF − ω n , ω n is center frequency of the filter, and τ RF is its group delay. Phase noise of the output signal can be written as a function of the phase noise of the loop components by applying basic control system theory as
where H 1 (s) and H 2 (s) are the phase transfer functions from the RF amplifier phase noise and microwave photonic link (optical part in Fig. 1 ) to the phase noise of the output signal, respectively,
Single-sideband (SSB) phase noise at offset frequency f from the carrier frequency can be expressed as
where ω = 2π f is the offset angular frequency. For ω 1/τ L and ω 1/τ RF (near carrier phase noise), (11) can be approximated (see the Appendix) as
where
As is clear from (12) and (13), this phase-noise model is almost the same as the well-known Leeson's model [46] . Hence, f L will be the Leeson frequency and the differences are: 1) here, the equivalent quality factor (Q eq ) contains the effect of the optical fiber and the RF BPF simultaneously and 1) the noise due to the high-Q cavity (noise of the optical part) is also considered in the model.
The noise spectral density of the microwave amplifier can be expressed as
where b 0 = Fk B T 0 /P RF is the RF amplifier white noise, F is its noise factor, k B = 1.38 × 10 −23 J/K is Boltzmann's constant, T 0 = 290 K is the ambient temperature, P RF is the oscillation power, and b −1 is a constant coefficient that represents the phase flickering of the RF amplifier. The noise spectral density of the microwave photonic link contains three dominant noise sources, laser relative intensity noise (RIN), shot noise, and thermal noise, so it can be written as (15) where I D is the average current of the photodetector, e = 1.6×10 −19 c is the charge of electron, and N rin is the RIN of the laser light. The calculated phase noise is shown in Fig. 5 for the components discussed in Section IV and is compared with the measured result. A more detailed discussion in Fig. 5 is found in Section IV.
IV. EXPERIMENT
An experimental setup was arranged to verify the proposed idea. A photograph of the developed OEO is shown in Fig. 6 . A continuous-wave light at 1030 nm with 20-dBm power from a laser diode (TOPTICA PHOTONICS DL pro 1040) is injected into the fiber Sagnac interferometer. An optical isolator (FI-1060-5TI OEM) is used after the laser to avoid back reflection to the optical source. A 20-GHz bandwidth LiNbO 3 electrooptic PM was inserted inside the Sagnac loop. The nonreciprocal bias unit is performed in free space using a quarter-wave plate (Thorlabs WPQ05M-1030) placed between two oppositely oriented 45°faraday rotators (EOT HP-04-R-1030). The optical delay is provided by a 500 m, singlemode optical fiber, which has a time delay of about 2.5 μs. A microwave signal is extracted using a 15-GHz photodetector diode (EOT ET-3500F) with a responsivity of approximately 0.4 A/W at 1030 nm. The photodetector is followed by a K&L 10.833-GHz BPF with 15-MHz bandwidth and low-phasenoise microwave amplifiers (Hittite HMC-C072).
The spectrum of the microwave output of the oscillator loop with a span of 10 GHz at 10.833 GHz is measured with an Agilent N9030A PXA signal analyzer, as shown in Fig. 7(a) . A detailed view of the output spectrum with a span of 2 MHz and 500 kHz is shown in Fig. 7(b) and (c) , respectively.
The SSB phase noise of the microwave output of the loop is measured by an Agilent E5052B signal source analyzer using an Agilent E5053A downconverter, with the result shown in Fig. 5 , together with the predicted result. As shown in Fig. 5 , the phase noise is −106.6 dBc/Hz at an offset of 10 kHz. The peaks at 400-kHz offset frequency and its harmonics relate to the spurious modes of the OEO, which are determined by the total delay of the OEO loop. Below a few kilohertz offset from the carrier, the measured phase noise is poorer than the predicted one, which may be caused due to the flicker noise of the photodetector [47] and amplitude noise to phase noise conversion in the photodetector [10] , and laser FM noise to phase noise conversion due to the fiber dispersion [48] and also due to the random walk and frequency drift induced by environmental factors, such as temperature fluctuations and vibration.
The phase noise of the microwave output in our OEO system is not as well as that of the best published phase noise in OEOs [49] . This is because of the short length of the optical SMF, which is about 500 m. Since, phase noise is approximately proportional to 1/τ 2 L [see (12) and (13)], for example, with a fiber length of 5 km, phase noise reduces approximately by 20 dB that is in the order of the best published phase noise in OEOs.
Since the components at the low loss window of optical fiber (1550-nm region) were not available, the experiments were instead performed using normal components at 1030 nm. The short term phase noise can be reduced by using a loop with a few kilometers in length at 1550-nm wavelength, and using photodetectors and amplifiers, with lower flicker coefficients, but this was not the objective of this paper. Its objective was to remove the bias-drift problems associated with the MZM by replacing it with a PM in a Sagnac loop that improves the long-term stability. It is worth mentioning here that the optical fiber length fluctuations are the other source of drift in OEOs [50] , [51] . Several techniques have already been proposed to compensate the drift in the fiber lengths [15] , [55] , but this was also not the objective of this paper.
To evaluate the long-term stability, the system is allowed to work in a laboratory environment for 35 h. Fig. 8(a) shows the measured fractional frequency drift. It shows ±0.85-ppm maximum fractional frequency deviation over 35 h that is better than the previous published data on the longterm timing drift in conventional MZM-based OEOs, although with thermal stabilization and other length stabilization techniques [13] - [15] .
The fractional frequency drift (in terms of overlapping Allan deviation [56] ) was also calculated using the measured frequency drift, which is shown in Fig. 8(b) . Fig. 8(b) shows the instability of 4.8 × 10 −8 at 1-s averaging time and 2.0 × 10 −7 at 1000-s averaging time. The frequency drift of the OEO is limited by the temperature sensitivity of the optical fiber and RF selection filter, which can be improved by using a phase lock loop to dynamically compensate the phase fluctuations.
This technique can be applied to other OEO configurations, such as multiple-loop OEO [57] , [58] , coupled OEO [8] , [59] , and dual injection-locked OEO [60] to improve their long-term stability.
V. CONCLUSION
In this paper, the structure for a bias-drift-free OEO has been introduced. It is made up by a Sagnac fiber interferometer, including a traveling-wave optical PM and a nonreciprocal bias unit that function jointly as a bias-free amplitude modulator. The main feature of the OEO is that no bias is required so there is no need of an automatic feedback bias control and tracking, which greatly simplifies the implementation. In addition, bias drift problems associated with the conventional OEO are automatically removed. The phase noise performance of the proposed OEO was modeled and studied. An experiment was performed. The SSB phase noise of the microwave output was measured, which was −106.6 dBc/Hz at 10-kHz offset frequency. The phase noise of the generated oscillation in our OEO system is not as well as that of the best published phase noise in OEOs, which was −160 dBc/Hz at 10-kHz offset from 10-GHz carrier by using a 16-km-long fiber [49] . This is mainly because of the short optical fiber length, which is about 500 m. The phase jitter of the OEO can be reduced using a longer fiber loop and a laser with ultralow linewidth and RIN. Frequency drift measurements show ±0.85-ppm maximum deviation over 35 h, which is better than one of the best reported stable OEOs (±1-ppm maximum deviation over 84) by actively stabilization of the optical fiber. Frequency drift of our OEO system is mainly limited by the drift of the optical fiber delay. The drift of the proposed OEO can be further improved by thermal stabilization of the optical fiber delay or using other length stabilization techniques. APPENDIX Here, we give expressions for the transfer functions |H 1 ( j ω)| 2 and |H 2 ( j ω)| 2 used in Section III. In (7), assume = 0 (the oscillation frequency falls on the center frequency of the RF BPF) and substituting it in (9) and (10) yields
where ω = 2π f is the offset angular frequency. For ω 1/τ L and ω 1/τ RF (near carrier phase noise), the following approximation can be used:
Substituting (18) in (16) and (17) yields
where f L is shown in (13) .
